In order to assess failure probability of cracked components, it is important to know the variations of the material properties and their influence on the failure load assessment. In this study, variations of the fracture toughness and stress-strain curve were investigated for cold worked stainless steel. The variations of the 0.2% proof and ultimate strengths obtained using 8 specimens of 20% cold worked stainless steel (CW20) were 77 MPa and 81 MPa, respectively. The respective variations were decreased to 13 and 21 MPa for 40% cold worked material (CW40). Namely, the variation in the tensile strength was decreased by hardening. The COVs (coefficients of variation) of fracture toughness were 7.3% and 16.7% for CW20 and CW40, respectively. Namely, the variation in the fracture toughness was increased by hardening. Then, in order to investigate the influence of the variations in the material properties on failure load of a cracked pipe, flaw assessments were performed for a cracked pipe subjected to a global bending load. Using the obtained material properties led to variation in the failure load. The variation in the failure load of the cracked pipe caused by the variation in the stress-strain curve was less than 1.5% for the COV. The variation in the failure load caused by fracture toughness variation was relatively large for CW40, although it was less than 2.0% for the maximum case. It was concluded that the hardening induced by cold working does not cause significant variation in the failure load of cracked stainless steel pipe.
Introduction
Even if a crack is found in nuclear power plant components, the crack does not always have to be removed. According to fitness-for-service codes, such as the American Society of Mechanical Engineers (ASME) boiler and pressure vessel code Section XI (ASME, 2013) or the fitness-for-service code of the Japan Society of Mechanical Engineers (JSME) (JSME, 2012), the structural integrity of the cracked component is assessed by calculating failure load. Since material properties used in the calculation have variation, the fitness-for-service codes assume conservative material properties in the assessment. However, too much conservativeness is not always acceptable for engineering purpose. For example, in the JSME fitness-for-service code, relatively low fracture toughness is used for core internal stainless steel structures of a reactor pressure vessel in order to take the effect of the neutron irradiation into account. The neutron irradiation reduces the fracture toughness accompanying an increase in the tensile strength. The conservative fracture toughness of stainless steels prescribed in the JSME code is K IC = 52.4 MPa m 0.5 (JSME, 2012), which is much less than the general value obtained for irradiated materials (Torimaru et al., 2010) . It is not an easy task to prepare a sufficiently large enough volume of the irradiated material. Particularly, the fracture toughness test requires a relatively large size specimen. Therefore, only limited tensile and fracture toughness test data have been published for irradiated stainless steels (Fukuya et al., 2009 . Furthermore, it is not easy to maintain the quality of material testing in a hot cell. Then, the fracture toughness data obtained for irradiated stainless steels show eminent scatter. The low fracture toughness might come from the test procedure rather than from actual material property. Therefore, to use lower bound test data is not always reasonable for a conservative failure load assessment.
For a reasonable assessment of cracked components, reasonable material properties should be used instead of the conservative ones. One possible way to make reasonable assessments is to use the mean values of the scattered material properties considering variations from the mean values. Such a statistical approach using the variations makes it possible to quantify the reliability of a cracked component. Therefore, it is important to figure out the magnitude of the intrinsic variation of material properties used for the assessment. One of the sources of the variation is microstructural inhomogeneity of materials. Structural materials consist of crystal grains, which have anisotropic deformation properties and various crystal orientations. Therefore, the local stress and strain is not homogeneous on a microstructural level (Hashimoto and Margolin, 1983 , Nichols et al., 1991 , Schroeter and McDowell, 2003 , Kamaya et al., 2007 . Since brittle failure of cracked component is initiated from the weakest point, the microstructural inhomogeneity may cause the variation in fracture toughness. Inclusions also play an important role in the brittle failure. Then, the statistical approach using the Weibull stress is applied to the brittle failure in order to incorporate the microstructural inhomogeneity. On the other hand, as shown in Fig. 1 , ductile failure such as plastic collapse failure is not affected by local inhomogeneity so much because the failure (void nucleation) is initiated not at the weakest point but at multiple points. Deformation properties, which are represented by the yield and ultimate strengths, are deduced not to be affected by local inhomogeneity as much as the fracture toughness.
Hence, it is deduced that the degree of material property variation depends on the failure mode. Since hard materials tend to exhibit brittle failure mode, the materials subjected to neutron irradiation may show more scattering than non-irradiated materials. In order to investigate the change in material property variation with hardening, in this study, the tensile and fracture toughness tests were conducted for cold worked stainless steel specimens. The change in the fracture toughness due to neutron irradiation correlates with change in the yield strength . Also, the change in deformation properties (the ratio of the ultimate strength to yield strength, the change in the uniform elongation to the yield strength) was the same for irradiated and cold worked stainless steels. Therefore, it is deduced that the fracture toughness reduction due to neutron irradiation is mainly attributed to hardening and the hardening due to the neutron irradiation is simulated by cold working. Two degrees of cold working, 20% and 40%, were applied to Type 316 stainless steel. Then, the variations in the tensile strengths (stress-strain curve) and fracture toughness (J-R curve) were quantified. Finally, failure assessment for a cracked pipe subjected to bending load was done using the obtained material properties and the influence of the material property variation on the failure load was discussed. 
Brittle

Test procedures 2.1 Specimens
The material used for the tensile and fracture toughness tests was Type 316 stainless steel plate. The alloying constituents were (mass %): C, 0.02; Si, 0.49; Mn, 0.95; P, 0.019; S, 0.001; Ni, 10.15; Cr, 16.33, Mo, 2 .07 and balance Fe. Plates were subjected to a rolling process at room temperature in order to introduce the cold working. The original thickness of 55 mm was reduced by 20% or 40%. The cold work materials are respectively referred to as CW20 and CW40. Nominal stress, MPa
Nominal strain Nominal stress, MPa
Nominal strain (a)CW20 (b)CW40 Fig. 3 True stress-strain curves obtained by IFD method using the tensile test results. The curve after necking was estimated by an inverse analysis (IFD method). The variation in 8 curves was not significant and almost identical curves were obtained for CW20 and CW40. 
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Tensile specimens of 6 mm diameter were taken along the rolling direction. Compact tension (CT) specimens were also made from the two cold work materials for the fracture toughness tests. The normal direction of the crack face of the CT specimens was the same as that of the tensile specimens (L-T direction).
Tensile and fracture toughness tests
The tensile test was conducted in ambient air at room temperature. The cross-head speed of the tensile test machine was kept constant at 0.4 mm per minute during the tensile test. The number of test runs was 8 each for CW20 and CW40.
The size of the CT specimens used for the fracture toughness test was the standard type (1TCT), meeting the ASTM specifications (ASTM, 2011), and the thickness was 25 mm with side grooves. The fracture toughness test was conducted according to ASTM E1820-11 (ASTM, 2011) in ambient air at room temperature, 296 K. The crack growth size was identified by the compliance method. The number of test runs was 8 each for CW20 and CW40.
Test results
Tensile properties
The nominal stress-strain curves obtained by the tensile test are shown in Fig. 2 . The cold working increased the tensile strength (0.2% proof strength and ultimate strength) and reduced the elongation. The stress-strain curves obtained by multiple test runs were almost identical until the uniform elongation. The tensile strength values obtained Table 1 . The 0.2% proof strength (hereafter, yield strength) was 611-688 MPa for CW20. Namely, the variation range of the yield strength was 77 MPa, whereas it was 13 MPa for the ultimate strength. The variation ranges for CW40 were 81 and 21 MPa for the yield and ultimate strengths, respectively. No significant difference was found in the variation range between CW20 and CW40. The stress-strain curve was used in an elastic-plastic finite element analysis (FEA) for calculating the J-integral value. However, the nominal stress-strain curves shown in Fig. 2 exhibited small uniform elongation particularly for CW40. The work hardening continued even after the local necking occurred and the strain near the crack tip became larger than that corresponding to necking strain. Therefore, it was necessary to obtain the true stress-strain curve after necking in order to simulate a large deformation at the vicinity of the crack tip and to calculate the J-integral value. Then, the curve after necking was obtained by the specified procedure, which is referred to as the IFD (Iteration Finite element analyses procedure based on DIC measurement) method, using the digital image correlation (DIC) technique Kawakubo, 2011, Kamaya 2014) . In this method, the strain at the root of the necking portion was identified by strain measurement using the DIC technique and the stress was estimated by the inverse analysis with iterative FEA. Figure 3 shows the true stress-strain curves obtained by the IFD method. "Tensile test" in the figure denotes the stress-strain curve transferred from the nominal stress-strain relation assuming that the specimens elongated uniformly even after necking had occurred. The work hardening behavior after necking could be successfully identified and the variation in 8 results was not significant even after the necking strain. The maximum strain exceeded 1.0 and the maximum stress (failure stress) was about 1300-1400 MPa. No notable difference was found between the curves for CW20 and CW40. These curves were used for FEA conducted in the following section. 
Fracture toughness
The fracture toughness J Q values are summarized in Fig. 4 . The valid J IC was not obtained because the crack front shape was undulated as shown in the example images of Fig. 5 and did not satisfy the ASTM specification (ASTM, 2011). The undulated crack front was brought about by non-uniform fatigue crack growth introduced for the pre-cracking procedure. Cyclic rolling for applying the cold working led to plate bending and the specimens were taken from the mid-thickness of the bent plate. Therefore, the specimen might possess residual stress and this might induce the undulated fatigue crack front.
The means of J Q were 1516 kJ/m 2 and 521 kJ/m 2 for CW20 and CW40, respectively. It should be noted that the fracture toughness could not be obtained for Type 316 stainless steel without applying cold working (Kamaya, 2010) . The variation range was 388 kJ/m 2 and 285 kJ/m 2 for CW20 and CW40, respectively. The COV, which stands for the coefficient of variation and is defined as the standard deviation divided by the mean value, had values of 7.3% and 16.7% for CW20 and CW40, respectively. Namely, the variation in the fracture toughness was larger for CW40 than for CW20. Figure 6 shows the J-R curves obtained by the fracture toughness test. To get a clearer view, only 3 test results are shown. The J-R curves were approximated by:
where units for J and a are [kJ/m 2 ] and [mm], respectively. C 1 and C 2 are the material constants and they were obtained by the root mean square method using data above the 0.2 mm offset line. The identified constants and curves are shown in Fig. 7 and Table 2, respectively. Since the mean of C 2 was close to 0.42 for both CW20 and CW40, the C 1 was obtained by root mean square method under fixed C 2 = 0.42 for CW20 and CW40. Then, the curves corresponding to the obtained C 1 and C 2 = 0.42 were referred to as the mean J-R curves and they are shown in Fig. 7. 
Failure assessment procedure 4.1 Geometry of analyzed model
The analyzed model is shown in Fig. 8 . A straight pipe containing a circumferential surface crack of a constant depth was subjected to a global bending load. The pipe had the wall thickness of t = 50 mm, and the ratio of the mean radius to thickness of R m /t = 10 or 50. The crack had the surface length (angle) of 2c = 60° and the depth of a = 0.5t.
Assessment procedure
The failure loads were derived by a two-parameter method (R6 method) (British Energy, 2007 , JSME, 2012 . The failure assessment curve (FAC) used for the two-parameter method was obtained by connecting points (S r , K r ) (Kamaya and Machida, 2010) 
P is the bending load (stress). P y is the yielding stress given by:
where  y is the yield strength of the material. J in Eq. (3) denotes the J-integral and J e is the elastic J-integral obtained by: where K, E and  denote the stress intensity factor (SIF), Young's modulus and Poisson's ratio, respectively. FAC has an upper value of S r =  f / y , which is referred to as the cut-off value. The average of the yield and ultimate strengths was used as the flow stress  f .
In order to derive the J-integral and SIF of the cracked pipes, FEA was carried out using the general-purpose finite element program Abaqus, Version 6.12. The validity of the finite element mesh used for the analyses has been confirmed in the author's previous study (Kamaya, 2009 ). The stress-strain curves shown in Fig. 3 were used for the analyses. The bending load was increased from S r = 0 to  f / y with the maximum step of 0.01 f / y and the J-integral was calculated for each step.
The failure load was derived by drawing a locus of the points (S r ', K r '), a r y
P a is applied bending load and K(a+a) is the SIF of the crack with depth a+a. J(a) is the J-integral value corresponding to a in the J-R curve obtained by Eq. (1) using the constants shown in Table 2 . Poisson's ratio was assumed to be  = 0.3. As shown in Fig. 9 , the failure load P f is derived as the applied bending load P a when the locus of the points (S r ', K r ') contacts the FAC. When the failure load is more than S r =  f / y , the component is judged to have failed in the plastic collapse mode, and the failure load is P y   f / y (Fig. 9(b) ). The failure load was less than P y   f / y in all analyses preformed in this study. Figure 10 shows the FACs obtained using the stress-strain curves from 8 specimens. The change in the stress-strain curve results in the change in J-integral value for given applied load, and caused the change in the FAC. The red line shown in Fig. 10 corresponds to the point (S r ', K r ') for various applied loads obtained using the mean J-R curve. The reduction in the fracture toughness due to the cold working made the inclination of the red line steeper. Since the failure load is obtained by P y  S r ' for the critical point, the steeper inclination results in smaller failure load if the FAC is the same. The FAC was not changed significantly by the cold working (Kamaya, 2015) . Since the cut-off value was calculated as S r =  f / y , it decreased by applying the cold working. Although the cut-off value exhibited variations, it Fig.10 Failure assessment curves for cracked pipe obtained using the 8 stress-strain curves shown in Fig. 3 (Rm/t = 10). The variation in the FAC was brought about by that in the J-integral value derived by FEA. did not affect the failure load because the red line did not cross the cut-off line. The obtained failure load is shown in Fig. 11 for the case of R m /t = 10. There are 8 stress-strain curves and 8 J-R curves. Then, in Fig. 11(a) , the failure load was calculated for 8 stress-strain curves using the mean J-R curve, while the same stress-strain curve, which was curve (8) for CW20 and (7) for CW40, was used to calculate the failure load for the 8 J-R curves plotted in Fig. 11(b) . Since it was difficult to define the mean of the stress-strain curves, the representative curves were used to investigate the influence of the variation in J-R curve. The change in the failure load due to the variation in the stress-strain and J-R curves was not significant, and CW20 and CW40 exhibited similar variations. The means of the obtained failure loads for CW20 and CW40 were about 727 MPa and 741 MPa, respectively. An interesting feature is that the failure load was increased by applying a higher degree of cold work although the fracture toughness was reduced by cold work. Figure 12 shows COV of the failure loads obtained from Fig. 11 . The COV was largest when the variation in the J-R curves was considered for CW40. The variation in the J-R curves seemed to have a larger influence on the failure load than that of the stress-strain curve. There was no significant difference between the results obtained for R m /t = 10 and 50. As noted in the introduction, it is expected that the 40% cold working causes more variation in the failure strength. However, no clear correlation was found between the variation in the failure load and the degree of cold working. In any case, the maximum failure strength variation caused by the variations of the material properties was less than 2%. COV , %
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Fig. 12 Variation in fracture strength caused by variation in stress-strain and J-R curves. The COV caused by material property variations was not significant.
Discussion
Effects of the variation in the stress-strain curve and J-R curve on the failure load can be represented by Fig. 13 . As mentioned in section 4, the failure load derived by the two-parameter method using the FAC corresponds to S r  P y . The red line shown in Figs. 9 and 10 was determined by the J-R curve. Therefore, the change in the failure load due to the change in the stress-strain curve is schematically shown in Fig. 13(a) . The variation in the stress-strain curve is reflected to the FAC. As shown in Fig. 10 , the variation in the FAC was not so significant and the change in failure load due to the variation in the FAC was not large. However, the variation may increase for material with higher toughness, because the scatter in the FAC was more significant when S r was larger than 0.8-1.0. If the red line crosses the cut-off line, the component has failed due to the plastic collapse manner and the variation in the failure load becomes identical to that of the flow stress. The COVs of the flow stress obtained by 8 tensile test specimens were 2.0% and 1.4% for CW20 and CW40, respectively. Therefore, the change in failure load brought about by the flow stress variation was larger than that by the stress-strain curve variation, which was less than 1.5% and 0.5% for the COVs for CW20 and CW40, respectively.
The change in the failure load due to the variation in the J-R curve is schematically shown by Fig. 13(b) . The change in J-R curve caused the change in the inclination of the red line. The change in failure load due to the change in J-R curve was more significant for smaller fracture toughness material because the movement of the cross point was more significant for smaller S r (fracture toughness). Relatively large failure load variation was observed when the variation in the J-R curve was considered for CW40. It is deduced that more variation will be found for harder material.
Conclusion
In order to perform reasonable failure assessments of cracked components, it is important to know the variations of the material properties and their influence on the assessment. In this study, variations of the fracture toughness and stress-strain curve were investigated for cold worked stainless steel. Flaw assessments were performed for a cracked pipe using the obtained material properties. Then, change in failure load due to the variations in the material properties was discussed. The following conclusions were obtained. a. Variations of the 0.2% proof and ultimate strengths obtained using 8 specimens were respectively 77 MPa and 81 MPa for CW20, while they were 13 and 21 MPa for CW40. Namely, the variation in the tensile strength was not increased by hardening. b. The COVs of fracture toughness were 7.3% and 16.7% for CW20 and CW40, respectively. Namely, the variation in the fracture toughness was increased by hardening. c. Change in the FAC caused by variation in the stress-strain curve was not significant. The variation in the failure load of the cracked pipe was less than 1.5% for the COV. d. The variation in the failure load caused by fracture toughness variation was relatively large for CW40, although it was less than 2.0% at the maximum. e. The influence of the variations in the J-R and stress-strain curves on the failure load of a cracked pipe was schematically shown in the FAC (Fig. 13) . The magnitude of the variation in the failure load caused by the material properties depends on the failure mode. The variations in the stress-strain curve and flow stress have larger influence on the ductile failure load, while that in the fracture toughness has more impact on brittle failure load.
